Abstract The availability of permanent global positioning system (GPS) stations makes the ionosphere monitoring and space weather studies more attainable. In order to obtain precise ionosphere total electron content (TEC) measurements, a smoothing technique has to be used. The objective of this research is to examine the accuracy and performance of two different TEC smoothing techniques; the carrier phase smoothed code and code levelled carrier phase techniques. GPS data from three stations in North America, located in different latitudes, are used. The accuracy of the smoothed TEC is compared with international GNSS service global ionospheric maps (IGS-GIM) and national oceanic and atmospheric administration (NOAA) ionospheric maps. The results reveal that the accuracy of the estimated TEC from the phase-smoothed code method depends upon the quality of data, number of observations used in the smoothing interval, receiver and satellite differential code biases (DCB). The levelled carrier phase method produces more calibrated TEC, however, with the influence of the systematic errors and the differential code biases.
temporal resolution of 2 h. The expected accuracy of the IGS-GIM is 2-8 TEC units. More details on how these products are being generated, their performance and proposed improvement can be found in Hernández-Pajareset et al. (2009) .
An example of a regional ionospheric product is the national oceanic and atmospheric administration United States total electron content maps (US-TEC), which are produced through the collaboration of different organizations. The model is designed to estimate TEC over the continental US (CONUS) in near real time. In addition, NOAA uses a Kalman filter data assimilation technique using data from a regional network consists of CORS, GPS/Met and IGS reference stations. Each US-TEC file contains the VTEC and slant TEC between points and GPS satellites in view. Its spatial and temporal resolution is 1°9 1°and 15 min, respectively. The expected accuracy of the US-TEC is about 1-3 TEC units (Araujo-Pradere et al. 2007) .
In order to estimate precise TEC values, a smoothing technique has to be used in order to reduce the noise level of code observations and eliminating ambiguities in carrier phase observations. Since the smoothing technique is crucial issue and it might be one of the reasons to introduce negative TEC values while producing regional ionospheric model by using scientific GPS data processing software such as the Bernese software. The objective of this study is to investigate the accuracy and performance of two different smoothing techniques; the code levelled carrier phase and the carrier phase smoothed code. The TEC values are estimated and compared with the IGS-GIM and the NOAA US-TEC counterparts.
Ionospheric observables
The basic GPS observation equations can be expressed as follows (Kleusberg and Teunissen 1998) :
where P i and L i are the pseudorange and carrier phase measurements in meter, respectively; q s r is the satellite-receiver true geometric range; c is the speed of light in vacuum; dt r and dt s are the receiver and satellite clock errors, respectively; I s r;i the ionospheric delay; T s r the tropospheric delay; d r;i and d s i are the code hardware delay for the receiver and the satellite, respectively; d r;i and d s i are the carrier phase hardware delay for the receiver and the satellite, respectively; k i is the wavelength of carrier phase; N i is the noninteger phase ambiguity parameter, including the integer ambiguity and initial fractional phase biases in the receiver and the satellite channels; e p;i and e u;i are the code and phase unmodeled errors, including noise and multipath.
Geometry-free linear combinations are formed using the zero-difference code and carrier phase observations, which eliminate the geometrical term, tropospheric delay, receiver and satellite clock errors as follows (Dach et al. 2007 ):
where P 4 and L 4 are the geometry-free combinations for the code and the phase observations, respectively in meters; I s r is L 1 ionospheric delay; Db s and Db r are the differential code bias for the receiver and the satellite, respectively; Dd r and Dd s are the differential phase hardware delay for the receiver and the satellite, respectively.
TEC smoothing techniques
In order to improve the precision of the derived TEC, different smoothing techniques have been used. The smoothing process is achieved either on the raw data level then estimating TEC or on the derived TEC level (Liu et al. 2005) . The two examined smoothing techniques, which are applied on the raw data level, are discussed as follows:
Carrier phase smoothed code technique
This method is firstly proposed by Springer (2000) and applied in Bernese software (Dach et al. 2007 ). It depends on smoothing the code observations using the carrier phase observations in a continuous data arc. The code observations are replaced by the phase observations shifted by the mean difference code-phase in the arc. The carrier phase smoothed code can be expressed as follows (Springer 2000) :
where P F are smoothed code measurements; P F À L F is mean difference between all the accepted code and phase measurements in the current observation arc; L 1 À L 2 is the ionospheric delay; L 1 À L 2 is the mean ionospheric delay in the observation arc.
Code levelled carrier phase technique
This technique is a levelling process of phase measurements using pseudorange observations for each connected observations arc in order to remove the ambiguity. The method is discussed in previous studies (e.g. Mannucci et al. 1998; Otsuka et al. 2000; Arikan et al. 2008) . The geometry-free linear combination is formed for carrier phase and code observations and then the average of the differences between them is computed for every continuous arc. The levelled carrier phase ionospheric observable can be expressed as follows (Ciraolo et al. 2007 ):
where
where L 4 is the levelled carrier phase ionospheric observable; n is the number of continuous measurements in the arc. Based on Eqs. 3 and 4, the mathematical expression for Eq. 8 can be rewritten as follows:
Therefore, the levelled carrier phase ionospheric observable can be defined as follow:
From Eq. 10, it can be seen that the carrier phase levelled technique is affected by the differential code bias. The slant total electron content can be estimated from each visible satellite using the carrier-smoothed observations and the code-levelled carrier phase observations, respectively as follows:
The vertical TEC is estimated using the single layer model (SLM) mapping function which assumes that all free electrons are concentrated in a shell of infinitesimal thickness at height H (Fig. 1 ). The effective height (H) corresponds to maximum electron density at the F2 peak ranges from 350 to 450 km. The VTEC is determined at the ionosphere pierce point (IPP), the point of intersection between the shell layer and satellite-receiver path, as given below (Schaer 1999) :
where z is the satellite's zenith distance at receiver; R is the mean radius of the Earth, and H is the height of ionosphere thin shell layer. In order to extract the vertical total electron content values from the IGS-GIM and the NOAA maps, the bivariate spatial interpolation technique using the nearest four TEC values (Fig. 2) is applied as follows (Schaer et al. 1998) :
The temporal interpolation is also used in order to compute the total electron content value at time interval (t), which takes the form (Schaer et al. 1998 ):
Methodology
Three IGS reference stations in North America are used in order to evaluate the two smoothing methods. The stations are distributed in different latitudes (Fig. 3) in order to reflect different ionospheric characteristics. IGS 2015) . Table 2 shows the radio flux at 10.7 cm wavelength (F 10.7 ) index and geomagnetic planetary (A P ) index in the 3 days which represent the solar and geomagnetic activity, respectively. It can be shown that the solar activity is medium and the geomagnetic activity is quiet in the 3 days under consideration.
Each observation file has a 24-h time span and a 30-s time interval. The observation files have been processed using the zero-difference mode. The final IGS precise orbit products have been used to account for the satellite orbit errors (IGS 2015) . For the phase-smoothed code method, the code observations have been smoothed using Eqs. 5 and 6. The satellite elevation angles have been computed every 15 min. The slant total electron content values have been estimated every 15 min time interval (Eq. 11). In addition, the differential code biases for both the satellites and the receivers have been extracted from the final IGS-GIM file (IGS 2015) . Figure 4 shows the flow chart of the proposed steps for the phasesmoothed method and its estimation procedure. For the levelled carrier phase method, the phase observations have been smoothed using Eq. 7 and thus the slant TEC values have been computed using Eq. 12. In order to validate the accuracy of the examined smoothing methods, the slant TEC values have been estimated and compared with the final IGS-GIM and NOAA US-TEC (NOAA 2015) counterparts. For the IGS-GIM model, the vertical TEC values have been extracted using Eq. 14. Then, the vertical TEC values have been converted into the slant TEC using the SLM mapping function (Eq. 13). The effective height has been selected to be 350 km. For the NOAA maps, the slant TEC values have been interpolated using Eq. 14. In order to estimate the slant TEC values every 15 min, the temporal interpolation method has been used as given in Eq. 15.
Results and analysis
For a single station, the slant TEC from a number of different satellites arcs are computed in order to study the effect of satellite DCB and elevation angle on the computed values. Therefore, the effect of the day time variability on the slant TEC values is assessed. In addition, the slant TEC between the same satellite and the three examined stations is determined in order to investigate the effect of receiver DCB and station latitude dependency. Figure 5 shows the temporal variability of both the elevation angle and the slant TEC for satellite G07 arc, as an example, observed by the stations CRO1, PIE1 and PRDS for the three successive experimental days, respectively. It is shown that the estimated TEC from the phase-smoothed code observations is close to both IGS and NOAA, however, with a scattered shape. The scatter of the extracted STEC increases at station CRO1, locates at low latitude, and decreases gradually at station PRDS in the three examined days. The scatter size is based on the number of the processed observations in the smoothing interval. The arc time is about 4 h for station CRO1, while it is about 6 h for station PIE1 as well as station PRDS in the three examined days. Furthermore, the magnitude of the departure decreases as the elevation angle increase. Also, the phase-smoothed code introduces negative slant TEC values for station PRDS in the second day due to the data quality, satellite and receiver DCBs effects. For the levelled carrier phase, it provides smoothed shapes of slant TEC with an offset from both IGS and NOAA values. The offset value depends on the station location, where its magnitude varies from station CRO1 than station PRDS passing through station PIE1. Table 3 summarizes the mean and the standard deviation (STD) of the differences between the estimated slant TEC and the IGS-GIM and NOAA, respectively. The results from three satellite arcs G07, G13 and G16 are given as examples. The results reveal that for the low latitude station CRO1 the computed TEC from the phase-smoothed code is more accurate than that obtained through the levelled carrier phase, where it is close to IGS-GIM as well as NOAA in the three examined days. For station PIE1, at mid-latitude region, the accuracy of the estimated slant TEC values from phase-smoothed code observations are better than the carrier phase levelling counterparts. For station PRDS, the phase-smoothed method is also more accurate than the levelled carrier phase method. However, the estimated standard deviation values from the levelled carrier phase method are smaller than the phase-smoothed code counterparts. This means that the levelled carrier phase ionospheric observable provides a shift by a semi-constant value, while the phasesmoothed code ionospheric observable is scattered over the same station. The results show that the computed TEC from the phase-smoothed code technique is close to the IGS-GIM as well as NOAA but with a scattered behaviour. The scatter size depends upon the station location, the quality of code data and number of observations used in the smoothing procedure. In addition to, the satellite and receiver DCBs influence on the estimated TEC and in some cases negative TEC values can be introduced. For the levelled carrier phase method, it represents the precise measure of relative TEC with a semi-constant, latitude dependent, shift from both IGS-GIM and NOAA. Furthermore, the extracted ionospheric observables are influenced by systematic levelling error due to code noise and multipath effects. Also, the satellite and receiver DCBs are translated to the extracted TEC in the levelling procedure. It can be concluded that the absolute accuracy of phase-smoothed code technique is better but the levelled carrier phase technique still provides relative and calibrated TEC measurements.
Also, the intraday variation of the arc time for the same satellite over the same station and the daytime variation of the receiver differential code bias may affect on the estimated total electron content values.
